Abstract: We investigate the intensity and phase response of optical switches based on a photonic crystal waveguide coupled to a nanocavity. In particular, we compare the performances of switches with traditional Lorentzian transmission spectrum to switches displaying an asymmetric Fano shape, as obtained by incorporating a partially transmitting element in the waveguide. Compared to traditional Lorentzian structures, the Fano structure shows improved switching contrast and speed without adding any extra phase modulation, corresponding to a much lower chirp parameter. Using a simple and ultracompact InP photonic-crystal Fano structure with broken mirror symmetry, we experimentally demonstrate 20-Gb/s all-optical switching with low-energy consumption.
Introduction
High-speed, low-energy photonic switches that can be integrated with waveguides and other functional devices may become key elements in realizing next-generation integrated optical circuits that can meet the growing demand for information capacity [1] , [2] . In resonator based switches, the transmission of the data signal can be controlled by shifting the cavity resonance via an optical control signal [3] , [4] . The energy consumption of the device is highly dependent on the shape of the transmission spectrum which determines the refractive index shift required for achieving a certain on-to-off ratio [3] , [5] , [6] . As shown in Fig. 1(a) , the extended tails of a Lorentzian spectrum imply large switching energies, since the resonance needs to be shifted significantly (as the horizontal black arrow indicates) to properly switch the signal. In contrast, a Fano resonance [7] may show an asymmetric spectrum, featuring a large transmission change within a narrow wavelength range (as illustrated by the horizontal green arrow), determined by the transition from constructive to destructive interference between the discrete resonance and the continuum, thus enabling low-energy switching. The advantage of a Fano resonance was demonstrated using a symmetric photonic-crystal (PhC) structure [8] , and it was also found that the non-monotonous frequency-dependence of the tail of the Fano transfer function implies an inherent reduction of patterning effects. In contrast, a Lorentzian spectrum has monotonously-varying tails which convert the (slow) dynamics of the resonance shift into amplitude modulation, limiting the bitrate due to the long carrier lifetime [8] - [10] .
In this paper, we present a detailed experimental and theoretical comparison of the switching performances of Lorentzian and Fano cavity-waveguide structures realized in InP photoniccrystal membranes. In [11] and [12] , we presented the first results of such a comparison but here we extend the theoretical analysis of the switching performance, as well as presenting experimental and theoretical results on the intensity and phase response. It is found that the chirpparameter of a Fano resonance may be reduced compared to that of a traditional Lorentzian resonance. The bit error rate (BER) performance of different switching configurations is compared, and it is shown that an ultra-compact Fano structure with broken mirror symmetry allows experimental demonstration of 20 Gbit/s all-optical switching with low-energy consumption.
Comparison of Lorentzian and Fano Structures
The investigated structure (see Fig. 1(c) ) consists of a line-defect waveguide coupled to a point-defect nanocavity [13] . In contrast to an ordinary side-coupled system [14] , we add below the nanocavity a partially transmitting element (PTE) that allows controlling the amplitude of the continuum-path. This PTE can be realized by a blockade hole (BH), with a transmission coefficient t B that can be varied via the radius R B of the BH [12] , [13] . By tuning t B between 0 to 1 through adjusting R B , the transmission spectrum of the structure can be varied between a symmetric Lorentzian shape and an asymmetric Fano shape. The PTE also causes additional vertical scattering loss, but from simulations this loss is found to be insignificant and is neglected in the theoretical simulations.
The dynamical properties of the waveguide-cavity structures can be analyzed using nonlinear temporal coupled mode theory [15] , [16] . First, we numerically investigate the high-speed alloptical switching performance of comparable Fano and Lorentzian structures using a pseudorandom binary sequence (PRBS) for the pump signals; cf. Fig. 2 . When the probe signal is initially blue detuned and a strong pump pulse is injected into the cavity, free carriers are generated by two-photon absorption, causing strong carrier-induced nonlinearity which dominates over the Kerr and thermo-optic effect, shifting the cavity resonance towards shorter wavelengths, hence increasing the probe transmission. It is seen that the Fano structure has a considerably larger eye opening than the Lorentzian structure, which is ascribed to the suppression of the slow decay component of the signal amplitude variation. We quantify the performance by calculating a quality factor q e from the eye diagram, defined as the maximum value of ðP 1 À P 0 Þ=ð 1 þ 0 Þ achieved within one period, where P 1 and P 0 are the average output powers corresponding to "1" and "0" levels, respectively, at each sampling time, and 1 and 0 are the corresponding standard deviations. Notice that the bit-error rate cannot be inferred from the value of q e since the widths of the 0 and 1 bit distributions arise from deterministic patterning effects rather than random noise leading to Gaussian distributions. Nevertheless, q e is a measure of the distortion of the eye due to patterning effects. Since no obvious overshoots are found in the eye diagrams, a smaller value will, in combination with random receiver noise, e.g., lead to higher bit-error rate. In Fig. 2 , for each pair of values of the cavity quality factor Q t and pump energy, the largest q e is found by scanning the signal detuning. For both the Fano and Lorentzian structure, the maximum value of q e is obtained for moderate Q t , since a higher quality factor will degrade the signal due to a longer photon lifetime. The Fano structure is seen to result in a better q e than the Lorentzian structure over a wide range of cavity quality factors, achieving eye quality factors q e of up to 12 dB, which could not be achieved using a Lorentzian structure. Simulations for other values of the transmittance, t The extracted values of the quality factor q e (in dB) of the eye diagram are given in the figures. The total Q-factor Q t is 4000, and the intrinsic Q-factor Q v is 12000. The pump pulse has a Gaussian shape with a full-width at half-maximum of 5 ps and a pulse energy of 164 fJ/bit. (b) Contour plots of the largest achievable value of q e at 40 Gbit/s upon variation of total Q-factor Q t and pump energy for the Fano (left) and Lorentzian (right) structure. The intrinsic Q-factor of the two structures is infinite. Fig. 3(a) shows an example of the fabricated PhC InP membrane. An H1 nanocavity is sidecoupled to a standard W1-defect type waveguide. The device is equipped with mode adapters to facilitate out coupling [17] . The detailed fabrication processes were described in [18] . In general, when a signal is transmitted through a switch (or modulator), not only the intensity but also the phase of the signal is modified, as quantified by the chirp-parameter giving the ratio of phase and amplitude changes [19] . We measured the transmission phase response of the structure by comparing the microwave phase shift of the modulated envelope of the signal before and after the structure [20] . A CW light beam from a tunable laser source was modulated at 10 GHz using a dual drive Mach-Zehnder modulator driven by a microwave signal from a network analyzer, so that the generated signal is single-sideband. The input signal was set to TE polarization using a polarizer and fed into the device. The output of the device under test was sent to an InGaAs photodetector with a bandwidth of 50 GHz, converting the signal back to the electrical domain, and measured by the network analyzer (scattering parameter S21), through which the microwave phase shift Á NA ð!Þ was obtained. By sweeping the input light from shorter to longer wavelengths across the resonance, we obtain the group delay of the system g ð!Þ ¼ À@ð!Þ=@! ¼ Á NA ð!Þ=ð2f m Þ, where f m ¼ 10 GHz. The corresponding phase response ð!Þ can be obtained by integration. In order to remove the phase shift contribution of the setup itself (i.e., fibers, couplers, amplifiers, etc.), the linear part of the phase response (delay) was estimated by characterizing a PhC reference waveguide (without cavity and PTE), resulting in the reference characteristic, r ð!Þ. The phase shift originating from the cavity resonance was then obtained as c ð!Þ ¼ ð!Þ À r ð!Þ. During the measurements, an erbium-doped optical fiber amplifier (EDFA) and a variable optical attenuator were included at the input of the structure to tune the input optical power level. Fig. 4 shows the measured intensity and corresponding phase spectra of a Fano and Lorentzian structure [8] . We see that for sufficiently low input power, the measured spectra agree very well with linear theory. For higher input power, the abrupt changes of output power with wavelength occur due to the existence of a spectral region of bistability located on the blue side of the resonance. Since the tunable laser was scanned from shorter to longer wavelengths, the transmission normally follows the lower branch of the bistability curve. From Fig. 4 , we find that since the Fano resonance reflects an interference between a traditional Lorentzian resonance and a continuum mode, so that both destructive and instructive interference occur within the resonance bandwidth. This gives a local maximum and minimum within the bandwidth of the Lorentzian transfer function, thus enhancing the transmission variation (contrast) between the maximum and minimum for the Fano resonance, while the largest phase change is kept almost the same. In this case, a small nonlinear blueshift of the Fano resonance imposes a larger intensity change than for a Lorentzian, while the phase shifts are similar. These results suggest that Fano structures are promising for realizing intensity modulators with large modulation contrast and small chirp-parameter. Since the chirp-parameter is time dependent, it is not instructive to give a specific form/value for the chirp-parameter of the switches. However, for the same intensity change, the Fano structure leads to less phase variation than its Lorentzian counterpart, which is the key point here. The ripples in the experimental data are due to residual reflections at the input and output sections of the devices. In Fig. 5 we show examples of simulated transmission and phase dynamics for Fano and Lorentzian structures at 10 GHz. The dynamical results confirm the expectations obtained from the analysis of static spectra. For a large value of the intrinsic quality factor, the transmission contrast is much larger for the Fano than for the Lorentzian structure, while the phase changes are comparable, leading to a much lower chirpparameter for the Fano structure. Furthermore, by varying the ratio between the total and intrinsic cavity Q-factor, the transmission contrast and the phase change can be adjusted for Fano structures, while being constant for Lorentzian structures. This enables optimization of the performance of Fano structures depending on the specific application. ) is fixed at the resonant wavelength, and the signal has its wavelength scanned on the blue side of the resonance to achieve the largest intensity modulation contrast.
Improving Switching Performance Using an Asymmetric Fano Structure
Here, we experimentally demonstrate that by breaking the mirror symmetry of a Fano structure, the switching properties can be further improved. Fig. 3(b) shows a fabricated PhC InP membrane employing a smaller H0 nanocavity. Fig. 3(c) shows the spectrum, calculated using a three-dimensional finite-difference time-domain technique, exhibiting an on-off contrast of more than 30 dB within a narrow wavelength range. In the transmission spectrum, a small dip can be seen that is about 5 nm blue-detuned from the main Fano minimum. This dip corresponds to another eigenmode of the H0 cavity. This eigenmode has a relatively high (low) total (intrinsic) Q-factor and does not affect the switching since it is far from the input signals that are located on the red side of the Fano minimum. The mirror symmetry of the structure is broken by displacing the BH by one lattice constant towards port 1. This makes the coupling rate between port 1 and cavity 1 , differ from the rate between port 2 and cavity 2 . Recently, a similar structure with broken symmetry was shown to enable non-reciprocal light transmission when combined with an optical nonlinearity [15] . For the present design, FDTD simulations lead to t B ¼ 0:24 and 1 = 2 ¼ 2:5. Transmission from port 1 (2) to port 2 (1) is henceforth denoted as forward (backward).
From simulations we find that compared to the symmetric Fano structure, larger cavity energy and switching contrast are achieved when operating the asymmetric Fano structure in the forward direction, i.e., injecting from port 1. This is due to the switching improvements that can be obtained using asymmetric structures, where larger energy can be coupled into the cavity without sacrificing the Q-factor. This result may seem counter intuitive since the asymmetry of the coupling coefficients can result in a lower transmission; cf. Fig. 1(b) . However, the improvement in the nonlinear switching performance compensates for this additional transmission loss.
Next, we experimentally investigate the all-optical switching properties of the structure at bitrates of 10 and 20 Gbit/s. Return-to-zero (RZ) pump pulses (10 ps) are first generated and then modulated in the on-off keying (OOK) format at 10 and 20 Gbit/s with a PRBS of length 2 31 À 1. The modulated pump and a CW signal are coupled into the PhC device through port 1. At the output of the device, i.e., port 2, the combined signal is amplified before the modulated signal is separated from the pump using an optical band-pass filter and detected by a receiver. The pump and signal are slightly red-detuned from the Fano resonance maximum and minimum, respectively. Fig. 6 shows the measured BER curves for 10 Gbit/s all-optical modulation. The BER decreases as the pump energy increases due to an enhanced switching contrast. Error-free ðBER G 10 À9 Þ operation is achieved with a coupled pump power of only −5.2 dBm, which is several times lower than the result obtained using the H1 cavity with a symmetric configuration (the green dotted line in Fig. 6 ) [8] . This small energy consumption is mainly ascribed to the asymmetric configuration of the device. Besides, a larger Q=V value of the H0 cavity also acts to reduce the switching energy. In Fig. 6 , a power penalty of 3 dB is seen at 10 À9 BER for a pump power of −1.25 dBm. Compared with the symmetric Fano and traditional Lorentzian structure (see the yellow dotted line in Fig. 6 ) [21] , we find that patterning effects are significantly suppressed and the energy consumption is reduced in the asymmetric Fano structure, enabling modulation rates higher than the carrier relaxation rate. This speed enhancement originates from the regeneration characteristics of the nonlinear transfer function of the Fano resonance, similarly to the case of nonlinear quantum dot amplifiers [22] . Here the symmetric Fano structure shows lower BER than that of the asymmetric Fano structure below received power of −21 dBm. This might be because the output signal power from the symmetric Fano structure is higher than that of the asymmetric Fano structure. Although the input conditions as well as the receiver configurations for the measurements of the Fano and Lorentzian structures are not identical, they are tuned/adjusted to achieve the best results, and we believe the measured BER curves still reflect the improvement due to the use of Fano effects. Thus, the back-to-back sensitivity is actually even lower for the Lorentzian structure but still an improvement is observed for the Fano structures. As for the Lorentzian structure, the increasing BER values at high received power values are believed to be due to saturation effects in the receiver [21] . The high power penalty induced by the switch forces the receiver to be operated at high optical input power, which saturates the following photodiode.
For 20 Gbit/s operation, we that find the BER increases somewhat, but is still well below the threshold for employing forward error correction (FEC) schemes [12] . Considering backward operation using the same device, we found the performance to be seriously degraded, i.e., 20 Gbit/s modulation cannot be achieved under the same conditions, proving that the advantage of the asymmetric structure originates from the larger coupling from the waveguide into the nanocavity.
Conclusion
The intensity and phase response of Lorentzian and Fano cavity-waveguide structures are investigated both experimentally and theoretically. Compared to a traditional Lorentzian structure, the Fano structure is shown to be able to improve the switching contrast and speed without adding any extra phase distortion, leading to a much lower chirp-parameter. Furthermore, by varying the ratio between the total and intrinsic cavity Q-factor, the transmission contrast and the phase change can be adjusted for Fano structures, while being constant for the Lorentzian structure. In addition, we also demonstrate that by breaking the mirror symmetry of the Fano structure, the switching performance can be further improved. Using a simple and ultra-compact InP photonic-crystal Fano structure with broken mirror symmetry, we simultaneously achieve error-free 10 Gbit/s RZ-OOK all-optical modulation with a pump power as low as −5.2 dBm (60 fJ/bit). For 20 Gbit/s operation, a BER three orders lower than the FEC limit is obtained. In both cases, long, telecomgrade, PRBS patterns of length 2 31 À 1 were employed. However, the device performance depends on various factors such as cavity Q-factors, transmittivity of the partially transmitting element, material nonlinearities, etc., and it is difficult to state a quantitative improvement of Fano structures with respect to traditional Lorentzian structures. However, the results clearly show that the use of Fano resonances significantly enhances the speed and provides additional design freedom, which may also find other applications, e.g., within sensing.
